1. Introduction {#sec1}
===============

From the point of view of compatibility, biodiesel is a highly aggressive fuel with metallic materials because of its composition and how easily it undergoes oxidation reactions during its usage and storage. As biodiesel degrades, its corrosive and harmful character increases for materials that comprise automotive systems and are in direct contact with it \[[@bib1]\]. The oxidation reactions of biodiesel generate a large number of products, such as aldehydes, ketones, water, alcohols, and carboxylic acids, among others \[[@bib2]\]. The oxidation process of biodiesel consists in the formation of hydroperoxides (ROOH) from free radical reactions, which lead to the generation of carboxylic acids that contain between 1 and 11 carbon atoms, such as acetic acid, formic acid, propionic acid, and fatty acids \[[@bib2]\]. The presence of those products in biodiesel increases its total acidity and, therefore, the risk of corrosion in the vehicle system \[[@bib3]\]. Biodiesel has a tendency to absorb water from the environment, approximately 30 times more than traditional diesel \[[@bib4]\]; for that reason, the humidity limit established in standards regulating the quality of biodiesel is 500ppm \[[@bib5]\].

The water present in biodiesel is transformed into water vapor as a result of the temperature increase; then, it condenses on the surface of metal auto parts, which can cause corrosion \[[@bib6]\]. The water contained in biodiesel can also generate hydrolytic reactions, which lead to the formation of organic acids \[[@bib7]\]. Aquino et al \[[@bib8]\] characterized the degradation of biodiesel through oxidation stability, viscosity change, and water content increase. Said authors observed an increase in water content in biodiesel at 55 °C after the immersion of copper and brass. Their results revealed that corrosion caused by biodiesel is not associated with the formation of free or absorbed water because the lowest thickness losses in the immersed metals were obtained under the condition that led to the highest water content (5 days of immersion). Biodiesel quality can be affected by the presence of microorganisms during storage, which influences the corrosion deterioration of metallic tanks, since biodiesel is more prone to microbial contamination than diesel \[[@bib9]\]. Such microbial contamination of biodiesel is mainly attributed to its hygroscopic nature because the presence of water produces a phase separation between water and biodiesel, which allows the formation of a microbial film at the water-biodiesel interface \[[@bib10]\]. The presence of 1% of water in biodiesel has been reported to be sufficient for the formation of biofilms from microorganisms, fungi, and yeasts at the oil-water interface \[[@bib11]\]. Some of the yeasts and fungi most commonly found in biofilms formed in fuels are Candida, Rhodotorula, Aspergillus, Paecilomyces, Fusarium, Hormoconis, Penicillium, and Alternaria \[[@bib11]\]. The corrosion behavior of different metals (such as copper, brass, bronze, aluminum, cast iron, and carbon steel) exposed to various types of biodiesel has been studied by several researchers because said materials are used to make auto parts that are in direct contact with the fuel \[[@bib1]\], generally, the tank, pump, fuel filters, and injectors \[[@bib7]\]. However, it has not yet been reported if the corrosion rates produced by biodiesel lie within the acceptable limits of auto parts \[[@bib7]\]. Another study delved into the corrosion of biodiesel from different sources (such as Jatropha Curcas, Karanja, Mahua and Salvadora seeds) on aluminum pistons \[[@bib12]\]. Chew et al \[[@bib13]\] investigated the corrosion behavior of palm biodiesel on aluminum and magnesium by means of immersion tests at room temperature; they observed a higher corrosion rate of magnesium compared to aluminum.

Enzhu et al \[[@bib14]\] carried out immersion tests on biodiesel and diesel at 43 °C to evaluate aluminum, carbon steel, stainless steel, and copper. In their work, copper and carbon steel showed the highest corrosion rates. Moreover, the mechanisms of corrosion of metallic materials were mainly due to the chemical reactions produced in biodiesel. In another work, ASTM 1045 steel was evaluated in contact with palm biodiesel and pure diesel by immersion tests at 27, 50, and 80 °C for 30, 60, and 120 days; in that case, biodiesel exhibited corrosion deterioration \[[@bib6]\].

Geller et al \[[@bib15]\] observed that copper and its alloys showed greater corrosion damage than 316 stainless steel and carbon steel exposed to biodiesel obtained from bird fat biodiesel. Sgroi et al \[[@bib16]\] investigated the effects of biodiesel on copper alloys. They found pitting corrosion on filter components made from copper alloys and, thus, contamination of biodiesel with released copper ions. Norouzi et al \[[@bib10]\] studied the corrosion of aluminum and copper caused by blends of diesel with rapeseed biodiesel in concentrations of 0, 50, 75, and 100% at 80 °C for 600 h. Said authors observed that corrosion deterioration increased along with the concentration of biodiesel. They also found that copper is more susceptible to corrosion than aluminum in all exposure means. Cursaru et al \[[@bib11]\] evaluated aluminum, copper, and carbon steel in pure sunflower biodiesel (B100), biodiesel mixed with 80% diesel (B20), and traditional diesel (B0) at room temperature and 60 °C for 3000 h. Sunflower biodiesel was observed to be more corrosive than diesel, and metal corrosion and fuel degradation depended on temperature. Additionally, copper was the most prone to corrosion in biodiesel compared to carbon steel and aluminum. In general, copper alloys are more prone to corrosion than ferrous and aluminum alloys \[[@bib7]\]. Fazal et al. \[[@bib17]\] investigated the corrosion behavior of a type of carbon steel in B0 (diesel), B50 (50% biodiesel in diesel), and B100 (pure biodiesel) at room temperature, 50 and 80 °C, by means of static immersion tests conducted for 1200 h. Such researchers observed that the corrosion deterioration of the exposed metal specimens increased along with the temperature of the fuels and that the content of water and products generated from the oxidation reactions grew at high temperatures. In another study Fazal et al. \[[@bib18]\] investigated the stability of palm biodiesel and its chemical composition after exposing it to copper and carbon steel samples at room temperature for 20, 40, and 60 days. They observed that copper significantly affects the stability of some biodiesel properties such as viscosity, water content, calorific value, and density, among others. Nevertheless, corrosion research into blends of biodiesel with fatty and organic acids has not been reported thus far.

Therefore, this paper presents a study into the corrosion of metals commonly used in auto part manufacturing exposed to palm biodiesel and blends of biodiesel with fatty and organic acids by immersion tests at different temperatures and exposure times. Such corrosion in biodiesel-acid blends is evaluated because said acidic species can be produced by hydrolytic and oxidation reactions of the fuel, leading, in principle, to greater corrosiveness in the system, which should be analyzed in depth.

2. Experimental methodology {#sec2}
===========================

2.1. Materials {#sec2.1}
--------------

The corrosion behavior of AISI-SAE 304 stainless steel (SS), low carbon steel (ASTM 1005; contains 0.013% C, 0,088% Mn, 0,045% Si, 0,012% P máx, 0,009% S max and 99,542% Fe) (CS), 99% electrolytic tin (Sn), 99% electrolytic copper (Cu), and 99% electrolytic aluminum (Al) was investigated by means of a static immersion test. The metal specimens under study were prepared according to the procedures described in ASTM G1-90 \[[@bib19]\]. Square corrosion coupons 0.2 cm thick with an area of 2 cm^2^ and a hole of 0.02 cm^2^ each were used.

2.2. Immersion test {#sec2.2}
-------------------

This test was prepared according to the procedures described in described in ASTM G31-72 \[[@bib20]\] and SAE J1747 \[[@bib21]\]. Exposure of the metals was performed in triplicate in glass containers (5-liter capacity) with 2.5 l of test fuel. The specimens were in contact with the fuel under 3 exposure conditions: (1) total immersion; (2) partial immersion, i.e., half liquid-half vapor; and (3) in the vapor phase. The glass containers with the test fuels and the metal samples were placed in a water bath at room temperature and at 45 °C. The exposure times were 3, 6, and 12 months.

2.3. Test fuels {#sec2.3}
---------------

The biodiesel used in this work to evaluate metal corrosion was obtained from a basic transesterification reaction between palm oil and methanol employing KOH as a catalyst. Gas Chromatography (GC) was implemented for the chemical characterization (methyl ester composition) of biodiesel (see [Table 1](#tbl1){ref-type="table"}). Such test was performed in accordance with EN 14103, on an Agilent 7890A capillary column gas chromatograph Agilent J & W HP-INNOWax, a flame ionization detector, and tetradecanoic acid as the internal standard. The content of methyl esters in the pure biodiesel (B100) is approximately 97% (mass/mass); the water amount content in biodiesel, 0.14%; and the composition of saturated and monounsaturated esters, 43.3% (C16:0) and 41.8% (C18:1), respectively. The physicochemical properties of the palm biodiesel used in this study are shown in [Table 2](#tbl2){ref-type="table"}. In order to evaluate the effect of the organic acids on the metallic materials in contact with the biodiesel, four binary blends of B100 and acids were produced. The organic compounds added to the biodiesel were myristic, palmitic, oleic, linoleic, stearic and acetic acids. The B100-acetic acid blend was evaluated because said acid is one of the most aggressive acidic species for metallic materials and it is commonly formed as a result of oxidation reactions. [Table 3](#tbl3){ref-type="table"} shows the physical and chemical characteristics of all acids compunds used in the blends employed in this work. The ASTM D6751 standard indicates that the maximum acid concentration allowed in biodiesel must be 0.8 mg KOH/g and that this value is equivalent to 0.32% acid. The total acid number (TAN) is expressed in milligrams (mg) of potassium hydroxide required to neutralize one gram of acid present in biodiesel, thus determining the level of free fatty acids generated in the production of biodiesel or from oxidation reactions \[[@bib22]\]. Therefore, the biodiesel was mixed with 0.32% of acids in order to increase the aggressiveness of the test fuels.Table 1Chemical composition of palm biodiesel (% mass).Table 1Type of methyl ester% massMyristic1.03Palmitic43.30Stearic4.20Palmitoleic0.15Oleic41.80Linoleic9.10Linolenic0.15Total saturated48.80Total unsaturated51.10Table 2Physicochemical properties of palm biodiesel.Table 2PropertiesMethodB100Density at 15 °C (kg/m^3^)ASTM D1298871.60Viscosity kinetics at 40 °C (mm^2^/s)ASTM D4454.67High calorific value (MJ/kg)ASTM D24039.53Flashpoint (C°)ASTM D93162.30Rancimat Oxidative Stability (h)EN 1411212.83Cloud point (°C)ASTM D9418.00Cetane indexASTM D97657.00Table 3Physicochemical properties of the acid compounds used in the biodiesel blends.Table 3AcidMolar mass (g.mol^−1^)Density (g/ml)Water solubility (mg/l)Melting point (°C)Boiling point (°C)Flash point (°C)Myristic228.380.99 (24 °C)20 at (20 °C)54.40326.20110Palmitic256.430.85 at (25 °C)7.19 at (20 °C)62.90351206Stearic284.480.94 at (20 °C)0.34 at (25 °C)69.30361113Oleic282.470.89Insoluble14360189Acetic60.051.04Miscible1611840Linoleic280.440.900.13-5230112

2.4. Evaluation of the effect of corrosion inhibitors {#sec2.4}
-----------------------------------------------------

Fuel blends were produced with oleic, linoleic, and acetic acids as well as pure palm biodiesel in a concentration of 0.32% by weight. The organic substances ethylenediamine (EDA) and terbutylamine (TBA) were added to the blends as corrosion inhibitors in a concentration of 0.1 g/l, as reported in the literature \[[@bib23]\]. Subsequently, the efficacy of such inhibitors was evaluated by mass loss tests under total immersion conditions at 45 °C. The presence of corrosion inhibitors in biodiesel was analyzed for carbon steel and copper because those metals showed the greatest corrosion deterioration during the immersion tests in the B100-acid blends.

2.5. Calculation of corrosion rate {#sec2.5}
----------------------------------

To determine the mass loss of the metal due to corrosion, corrosion products were removed from the samples by means of chemical pickling after exposure following the procedures described in ASTM G1. The corrosion rate (CR) was calculated with the mass loss and expressed in mm/yr using the equation (ASTM G1 Section 8.1)where K is a constant (8.76 × 10^4^); t, exposure time (h); A, area of the exposed metal specimen (cm^2^); W, mass loss of the material (g); and D, density of the material (g cm^−3^).

2.6. Characterization of corrosion products {#sec2.6}
-------------------------------------------

The corrosion products formed in the metal specimens during immersion in the biodiesel blends were characterized by scanning electron microscopy (SEM) techniques using a JEOL JSM 6490 LV scanning electron microscope, with secondary and backscattered electron detector, along with the analysis of energy-dispersive x-ray spectroscopy (EDS). A Raman spectroscopy analysis was carried out on a Micro-Raman spectrometer, available from Horiba Jovin Yvon, with a wavelength of 784 nm from the light source of an argon laser.

3. Results {#sec3}
==========

3.1. Behavior of metals in B100 and blends of B100 and organic acids under different exposure conditions {#sec3.1}
--------------------------------------------------------------------------------------------------------

### 3.1.1. Behavior of metals in B100 under different exposure conditions and temperatures {#sec3.1.1}

The five metallic materials selected in this study were evaluated under different exposure conditions (vapor, partial immersion, and total immersion) in B100 at 25 and 45 °C to determine the effect of such variables on their corrosion processes SS, CS, Sn, and Al did not show significant changes in corrosion rate values when temperature or exposure conditions were varied; therefore, the corrosion rate charts of those metals are not included in this paper.

Stainless steel presented corrosion rates in the order of 3 × 10^−5^ and 4 × 10^−5^ mm/year under the three exposure conditions mentioned above after 12 months at 25 and 45 °C, respectively. In turn, aluminum exhibited corrosion rates in the order of 5 × 10^−5^ mm/year under all three conditions after 12 months of exposure at both temperatures (25 and 45 °C). The corrosion rate of tin was equal to 2 × 10^−4^ mm/year under all the conditions at 12 months of exposure at both temperatures (25 and 45 °C). Furthermore, CS exposed at 25 and 45 °C displayed a very similar corrosion behavior under all the exposure conditions: higher corrosion rates in the first three months of exposure, which gradually decreased until the end of the test. By contrast, copper exhibited significant changes as well as greater deterioration due to corrosion when such conditions were varied. As a result, this section only analyzes the behavior of copper exposed to pure biodiesel under different conditions and temperatures.

[Figure 1](#fig1){ref-type="fig"} shows the corrosion rate charts of Cu samples evaluated in B100 at 25 and 45 °C after 3, 6, and 12 months under different exposure conditions. Cu exhibited the significant effect of such conditions and temperatures on the corrosion of the metal specimens. Cu in the vapor phase presents very similar corrosion rates at both temperatures. Nevertheless, when partially submerged at 45 °C, the corrosion process of this metal (0.010 mm/year) increases with respect to specimens under the same exposure condition at 25 °C (0.002 mm/year) only during the first 6 months. In the total immersion condition at 45 °C, Cu corrosion rate was higher during the first 6 months of exposure (0.0165 mm/year) and decreased considerably after 12 months (0.0092 mm/year). These results can be compared with data obtained from the literature, which reports that the corrosion deterioration of copper after 20 years is 0.054 mm/year in an industrial atmosphere, 0.050 mm/year in a marine environment, and 0.017 mm/year in a rural context, which corresponds to good resistance to corrosion \[[@bib24]\].Figure 1Corrosion rate of copper evaluated in B100 under several exposure periods and conditions. A) 25 °C. B) 45 °C.Figure 1

The totally immersed Cu at 45 °C showed a 72% higher corrosion rate compared to samples immersed at 25 °C, which shows a significant effect of temperature on Cu corrosion processes when totally immersed in B100. The exposure condition also had an important effect on Cu corrosion, greater deterioration was found in the totally immersed specimens. These results are associated with the fact that Cu acts as a catalyst in the degradation of biodiesel, promoting the oxidation processes of the same and, therefore, oxygen concentration that leads to corrosive processes in metals. In general, under all conditions, an increase in the copper corrosion rate was observed during the first 6 months of exposure. However, such rate decreased after 12 months of immersion, which indicates that, like CS, Cu can also form a film of corrosion products that restricts the dissolution of the metal, which only happens after long exposure times. The corrosion rate of Cu in B100 at 25 and 45 °C was reduced after 12 months of total immersion by 45 and 42%, respectively.

Comparing such percentages of corrosion rate reduction, it can be said that, as temperature increases, the corrosion rate of copper will be less reduced, thus confirming the inhibitor effect of temperature on the corrosion processes of this metal in biodiesel. The reductions in copper corrosion rates are much lower than those calculated for carbon steel (82% at 25 °C and 83% at 45 °C) in the total immersion condition and long exposure time (12 months) at both temperatures, which leads to the conclusion that the layers formed on the steel surface are more protective than those on copper.

[Figure 2](#fig2){ref-type="fig"} presents the visual appearance of Cu and CS samples exposed to B100 under different temperatures and conditions for one year. As mentioned above, greater deterioration was observed in the samples that were totally immersed in B100. A green patina formed by corrosion products is observed on the surface of the Cu samples that were in direct contact with the biodiesel. CS also shows greater deterioration in the samples immersed in biodiesel, where corrosion is initially formed by pitting and then becomes generalized corrosion.Figure 2Visual appearance of samples exposed to B100 in (1) vapor phase, (2) submerged, and (3) totally submerged (A) Cu at 25 °C (B) Cu at 45 °C (C) CS at 25 °C, and (D) CS at 45 °C.Figure 2

### 3.1.2. Behavior of metals in B100-organic acid blends under different exposure conditions {#sec3.1.2}

This section evaluates the corrosion behavior of metallic materials under different exposure conditions in biodiesel blends with linoleic, palmitic, and oleic acids at 45 °C.

[Figure 3](#fig3){ref-type="fig"} shows the corrosion rate charts of all the metals considered in this work evaluated at 45 °C under the three exposure conditions (vapor, partial immersion, and total immersion) in a B100-linoleic acid blend. At the end of the test, SS, CS, and Al showed very similar corrosion rate values under the three exposure conditions.Figure 3Metals evaluated in the B100-linoleic acid blend under the three exposure conditions at 45 °C(A) Stainless steel (B) Aluminum (C) Tin (D) Carbon steel (E) Copper.Figure 3

Totally immersed CS presented a decrease of 87.67% in corrosion rate at 12 months of immersion in the blends with linoleic acid. Such value is similar to that calculated for this material in pure B100 (an 83% decrease in corrosion rate), where the products of generalized corrosion on the surface of the immersed samples were remarkable (see [Figure 2](#fig2){ref-type="fig"}). These results are associated with the formation of iron oxides on the surface of the metal, which prevent the attack by corrosion along with immersion time. In turn, tin exhibited greater deterioration when exposed in the vapor phase. In general terms, it can be said that, except for Cu, exposure conditions do not affect the corrosion rate of the metals evaluated in this work. In all the cases, after 12 months of exposure, the corrosion rate of metals decreases to values in the range of approximately 1 × 10^−4^ mm/year. Contrary to the other metals evaluated in the B100-linoleic acid blend, Cu shows a greater deterioration in total immersion, and its corrosion rate increases along with exposure time, reaching values of 0.014 mm/year at 12 months of immersion. This fact can be attributed to the catalytic effect of copper on the oxidation processes of biodiesel. In the B100-palmitic acid blend (corrosion rate charts of metals not included in this paper), the exposure condition had no effect on the corrosion of stainless steel, carbon steel, or tin. The corrosion rate of said metals decreases to values in the order of 1 × 10^−6^ mm/year after 12 months of exposure. However, aluminum showed the greatest corrosion deterioration in this blend, followed by copper. More specifically, the exposure condition had a significant effect on the corrosion of aluminum and copper, which presented higher corrosion rate values in total immersion; however, like in other metals, such rates decrease after 12 months of exposure. The corrosion rate of aluminum decreased by 16% after 12 months of total immersion in the B100-palmitic blend with respect to its rate during the first 3 months, reaching values of 8 × 10^−3^ mm/year. Cu corrosion rate decreased by 25% after 12 months of total immersion in the B100-palmitic blend, reaching values of 3 × 10^−3^ mm/year. In the B100-oleic acid blend (corrosion rate charts of metals not included in this paper), the exposure condition had no effect on the corrosion of stainless steel, aluminum, or tin. In that blend, the metals most affected by corrosion were copper and carbon steel, with the highest corrosion rate values in total immersion. CS presented a corrosion rate of 0.043 mm/year at 3 months of immersion, which decreased to 2.4 × 10^−4^ mm/year after 12 months, i.e., a reduction of 99.4%. The corrosion rate of this metal after 6 months of exposure could not be calculated due to difficulties in the measurements. Copper presented a corrosion rate of 0.0021 mm/year after 3 months of immersion, which then increased to 0.0106 mm/year at 6 months of immersion and finally decreased again to 0.0061 mm/year. This corresponds to a reduction of 43% in the corrosion rate of this metal between 6 and 12 months of immersion. In general, stainless steel showed less corrosion deterioration under all the exposure conditions in all the B100-organic acid blends compared to the other metals evaluated in this study. The opposite was observed for Cu, which was the fastest corroding metal in total immersion in most blends, followed by carbon steel. In all cases, the corrosion rate of carbon steel after 12 months of immersion decreased more than that of copper by the same time. This result is associated with the fact that the protective layers formed on the steel surface when interacting with the B100-acid blends are more stable and protective than those produced on the copper surface when exposed to said blends.

In general, the exposure condition that most affected the metals was total immersion. Therefore, this work analyzes in detail the corrosion behavior of all the metals totally immersed in the blends. According to Aquino \[[@bib8]\] samples of copper and brass immersed in commercial biodiesel at 55 °C presented greater mass loss than specimens exposed to the vapor phase, despite being in direct contact with the oxygen of the environment. The increase in the corrosion rate of the metals is attributed to the high concentration of dissolved oxygen; therefore, the increase in oxygen solubility in the biodiesel causes a greater metal loss by corrosion when totally immersed. These results indicate that the oxidation processes, in which thousands of by-products are generated, can increase the percentage of oxygen in biodiesel and make it more corrosive. The dissolved oxygen and contact with metals may increase the corrosive nature of biodiesel due to a rise in the amount of by-products generated by oxidation reactions, such as higher water content and free fatty acids \[[@bib25]\].

### 3.1.3. Comparison of the corrosion behavior of metals under full immersion conditions in different test media at 45 °C {#sec3.1.3}

Figures [4](#fig4){ref-type="fig"}, [5](#fig5){ref-type="fig"}, [6](#fig6){ref-type="fig"}, [7](#fig7){ref-type="fig"}, and [8](#fig8){ref-type="fig"} show the corrosion rate charts of metal samples immersed in test fuels at 45 °C after 3, 6, and 12 months of exposure. The nomenclature in their legends refers to the test media: B100 (pure palm biodiesel), B100-OA (B100-oleic acid blend), B100-LA (B100-linoleic acid blend), B100-MA (B100-myristic acid blend), B100-SA (B100-stearic acid blend), B100-AA (B100-acetic acid blend), and B100-PA (B100-palmitic acid blend).Figure 4Corrosion rate of stainless steel after several periods of exposure totally immersed in the test fuels at 45 °C.Figure 4Figure 5Corrosion rate of tin after several periods of exposure totally immersed in the test fuels at 45 °C.Figure 5Figure 6Corrosion rate of aluminum after several periods of exposure totally immersed in the test fuels at 45 °C.Figure 6Figure 7Corrosion rate of carbon steel after several periods of exposure totally immersed in the test fuels at 45 °C(A) B100-OA.Figure 7Figure 8Corrosion rate of copper after several periods of exposure totally immersed in the test fuels at 45 °C.Figure 8

More specifically, [Figure 4](#fig4){ref-type="fig"} shows the corrosion rate of SS totally immersed in the test fuels after several exposure periods at 45 °C. Such steel, commonly used in exhaust pipes and intake valves, did not exhibit significant mass losses in any of the fuels or after the different immersion times. However, the specimens exposed to 6 months of immersion in B100 displayed corrosion rates of 0.0001 mm/year, which then decreased to 0.00003 mm/year after 12 months. The highest corrosion rate values of this metal were observed in the B100-LA and B100-SA blends, where its samples reached 0.0006 mm/year after 3 months of immersion that then decreased to 0.0001 mm/year and 0.00005 mm/year, respectively. Such behavior was observed in all the blends, suggesting a passivation of the stainless steel. These results can be used to establish an ascending order of the aggressiveness of the acids on the corrosion of stainless steel, taking pure biodiesel as the reference point: B100 ˂ B100-OA ˂ B100-MA ˂ B100-AA ˂ B100-PA ˂ B100- LA ˂ B100-SA.

[Figure 5](#fig5){ref-type="fig"} shows the corrosion rates of tin after several periods of exposure totally immersed in the test fuels at 45 °C. The addition of organic acids to the biodiesel had no effect on the corrosion of tin because said material exhibited a greater corrosion attack in B100 at 3 months of immersion (0.0027 mm/year); then, the material was passivated until the end of the test (0.00009 mm/year).

[Figure 6](#fig6){ref-type="fig"} details the corrosion rates of Al after several exposure periods totally immersed in the test fuels at 45 °C. The corrosion rates of aluminum, as well as stainless steel, decreased significantly after 12 months of exposure. Very low corrosion rates are observed in B100 compared to the values obtained in the other immersion media. Al presents the highest corrosion rate values in the blend of B100 with palmitic acid at 3 months of total immersion (0.0106 mm/year). However, the corrosion rate of aluminum in all media decreases at 12 months of exposure. Hence, the effect of the acids on aluminum corrosion can be formulated in an ascending order, as follows: B100 ˂ B100-OA ˂ B100-SA ˂ B100-LA ˂ B100-MA ˂ B100-AA ˂ B100-PA.

In turn, [Figure 7](#fig7){ref-type="fig"} is the corrosion rate chart of CS after several periods of exposure totally immersed in the test fuels at 45 °C. The CS exposed in the blend with oleic acid showed the highest corrosion rates among all the metals (0.0433 mm/year). In this material, a morphology of localized corrosion (few scattered points) was initially observed; it then became generalized corrosion with detachment of corrosion products and significantly higher mass losses compared to those of the same material in B100. These results demonstrate that oleic acid significantly affects carbon steel; however, its corrosion rate decreases along with immersion time to 0.0002 mm/year after 12 months in the blend. A similar behavior was observed in CS in the B100 blends with the other acids: corrosion rate values decrease considerably after 12 months of exposure. The effect of the acids on the corrosion of carbon steel can be expressed in an ascending order, as follows: B100-SA ˂ B100-AA ˂ B100-OA ˂ B100-LA ˂ B100 ˂ B100-MA ˂ B100-OA.

[Figure 8](#fig8){ref-type="fig"} illustrates the corrosion rate of copper after several exposure periods totally immersed in the test fuels at 45 °C. In the blends with palmitic, oleic, myristic, and stearic acids, copper formed a protective oxide layer, presenting higher corrosion rates in the first 3 months, which then decreased until the end of the test. Unlike the other metals evaluated in this work, Cu immersed in the blends with linoleic and acetic acids underwent greater corrosion deterioration over the immersion time. In the blend of B100 with linoleic acid, copper exhibited values of 0.0116 mm/year after 3 months of total immersion and 0.0143 mm/year after 12 months. The high corrosivity of the biodiesel blend with linoleic acid is due to the fact that this acid is unsaturated, i.e., it has two double bonds. Therefore, the hydrogens of the allylic and double ally positions are readily oxidizable. This leads to the oxidation of biodiesel, which produces an increase in its corrosivity. The acid that affected copper the most was acetic acid; it generated a corrosion rate of 0.0135 mm/year after 3 months of immersion, which then increased to 0.0229 mm/year after 12 months. The effect of the acids on copper corrosion can be classified as follows: B100-SA ˂ B100-MA ˂ B100-PA ˂ B100-OA ˂ B100 ˂ B100-LA ˂ B100-AA.

In general, CS and Cu were the most affected materials by the immersion in B100 and B100-acid blends.

3.2. Characterization of corrosion products of copper and carbon steel exposed to B100 and B100-blends of organic acids {#sec3.2}
-----------------------------------------------------------------------------------------------------------------------

The characterization of corrosion products was performed only for Cu and CS, as said metals suffered more deterioration by corrosion than the other materials evaluated in this work. The low corrosion rates found in Al, Sn, and SS under the different evaluation conditions limited the possibility of extracting corrosion products for characterization. [Figure 9](#fig9){ref-type="fig"} presents the surface morphology of CS after 12 months of exposure to B100 at 45 °C, where iron oxides can be observed because of the localized corrosion.Figure 9SEM images and EDS analysis of the surface of carbon steel immersed in B100 for 12 months at 45 °C (A) Craters produced on the steel surface surrounded by corrosion products (B) EDS of the wells formed on the steel surface.Figure 9

[Figure 9](#fig9){ref-type="fig"}A shows some of the holes caused by the eruption of bubbles formed on the steel surface; they look similar to "craters", which means that the generation of corrosion products mainly began at the sites where localized corrosion was present. Such bubbles are formed on the surface of the metal because of the accumulated pressure they contain. They grow due to the pressure of the gases inside them until they burst, which allows the entry of oxygen and, therefore, the formation of oxides \[[@bib26]\].

In this work the corrosion products on the steel surface were analyzed by EDS to investigate the composition and quantity of the elements that were found (see [Figure 9](#fig9){ref-type="fig"}B). Such analysis indicates that the main elements present in the corrosion products of steel are O, C, and Fe, which proves the presence of iron oxides, hydroxides, oxyhydroxides, iron carbonates, and salts of fatty acids on the metal surface \[[@bib14]\]. The high percentage of oxygen in the corrosion products of steel in B100 at 45 °C (36.97%) indicates a high concentration of different oxides inside the wells formed by the corrosion attack. The oxygen that favors the formation of said oxides is dissolved in biodiesel because the fuel absorbs water and CO~2~ from the environment as a consequence of its hygroscopic character \[[@bib3]\]. The presence of water in the biodiesel under evaluation, is also due to the hydrolysis and oxidation reactions of biodiesel during the test time. In addition, oxygen concentration can be increased by extending immersion time due to the generation of different types of fatty and organic acids from the reactions of oxidation of biodiesel, which can accelerate the rate of corrosion \[[@bib27]\]. The presence of carbon (13.95%) in the corrosion products of the steel is due to the absorption of CO~2~ from the environment and to the RCOO^−^ radicals from esters and carboxylic acids generated from the oxidation reactions of biodiesel \[[@bib3]\]. The carbon also can be present in corrosion products due to formation of organic deposits as a consequence of the decomposition of fatty acids and other acids that react with metallic oxides \[[@bib8]\].

[Figure 10](#fig10){ref-type="fig"} is the Raman spectrum plot of CS samples after 12 months' exposure in B100 at 45 °C. Typical Raman bands reported in the literature for compounds commonly found in the corrosion products of carbon steel can be observed in the Figure. The Raman spectrum of steel shows bands that correspond to the presence of one or more species associated with lepidocrocite (L: γ-FeO (OH)), ferrihydrite 5Fe~2~O~3~ • 9H~2~O), magnetite (M: Fe~3~O~4~), hematite (H: α-Fe~2~O~3~), and siderite (S: FeCO~3~). The formation of these oxides and hydroxides is attributed to the reactions between iron and water or oxygen. The formation of FeCO~3~ can be attributed to the reactions between iron and RCOO^−^ radicals. Several aspects can be identified in the spectrum of steel immersed in B100 for 12 months: an intense peak at 662 cm^−1^ (associated with a mixture of magnetite \[[@bib28]\] and ferrihydrite \[[@bib29]\] and moderate bands located at 345 cm^−1^ (attributed to the formation of lepidocrocite) and 405 cm^−1^ (related to a mixture of hematite and ferrihydrite \[[@bib30]\]). Weak bands were also observed at 1082 cm^−1^ (associated with siderite formation \[[@bib30]\]) and at 1310 cm^−1^ (attributed to hematite formation \[[@bib28]\]). The corrosion rate of carbon steel immersed in B100 decreased by 84% at 12 months of immersion, which confirms the protective effect of the layer formed on the surface of the metal composed of the mixture of oxides such as magnetite and siderite. Magnetite has a very small crystal size and tends to compact much in the inner layers of the rust, where there is no oxygen access.Figure 10Raman spectra of carbon steel exposed to B100 for 12 months at 45 °C.Figure 10

The reactions that explain the formation of the corrosion products of carbon steel in contact with biodiesel for 12 months at 45 °C (See [Figure 10](#fig10){ref-type="fig"}) can be described as follows:

Metallic iron combined with oxygen to form hematite that, in turn, reacts with water to form ferrihydrite.$$\left. 4Fe^{\ } + 3O_{2}\rightarrow 2Fe_{2}O_{3} \right.$$$$\left. Fe\left( OH \right)_{3}\ \rightarrow Fe_{2}O_{3} + H_{2}O \right.$$$$\left. 5\alpha - Fe_{2}O_{3} + 9H_{2}O\rightarrow 5Fe_{2}O_{3}.9H_{2}O \right.$$

The RCOO and --COOH radicals generated from the methyl esters and fatty acids present in biodiesel can react with iron ions and iron oxides to form iron carbonates (siderite) \[[@bib3]\]:$$\left. Fe^{2 +} + 2RCOO^{.}\rightarrow FeCO_{3} + R - R + CO_{2} \right.$$

Iron oxide II reacts with iron oxide III to form the magnetite:$$\left. FeO + Fe_{2}O_{3}\rightarrow Fe_{3}O_{4} \right.$$

Iron hydroxide II reacts with oxygen to form iron hydroxide III \[[@bib31]\] and lepidocrocite (γ-FeOOH) \[[@bib32]\]:$$\left. 4Fe\left( OH \right)_{2} + O_{2} + H_{2}O\rightarrow 4Fe\left( OH \right)_{3} \right.$$$$\left. 4Fe\left( OH \right)_{2} + O_{2}\rightarrow 4\gamma - FeOOH + 2H_{2}O \right.$$$$\left. 2FeO + 2H_{2}O\rightarrow FeOOH + H_{2} \right.$$

[Figure 11](#fig11){ref-type="fig"} depicts the morphology of the copper surface exposed to B100. An analysis of the corrosion products on the copper surface in B100 by EDS indicated a high concentration of carbon (52.6 %) and oxygen (28.5%), which is attributed to the formation of oxides, hydroxides, copper carbonates, and salts of fatty acids (see [Figure 12](#fig12){ref-type="fig"}).Figure 11Corrosion products formed on the surface of copper immersed for 12 months in B100 at 25 °C (A) SEM images (B) EDS analysis.Figure 11Figure 12Raman spectra of copper exposed to B100 for 12 months at 45 °C.Figure 12

The formation reactions of the possible corrosion products generated on the surface of copper in contact with biodiesel for 12 months at 45 °C can be described as follows:

Formation of copper oxides due to the presence of dissolved oxygen and water:$$\left. 2Cu + O_{2}\rightarrow 2CuO \right.$$$$\left. 4Cu + O_{2}\rightarrow 2Cu_{2}O \right.$$

Formation of copper carbonates from the reaction between ions, oxides, and copper hydroxides and CO~2~, O~2~, RCOO^−^, and COO^−^ \[[@bib3]\]:$$\left. Cu\left( OH \right)_{2} + COO^{-}\rightarrow Cu\left( OH \right)_{2}.CuCO_{3} \right.$$$$\left. 2Cu\left( OH \right)_{2} + CO_{2}\rightarrow Cu\left( OH \right)_{2}.CuCO_{3} + H_{2}O \right.$$$$\left. 2Cu + H_{2}O + CO_{2} + O_{2}\rightarrow Cu\left( OH \right)_{2}.CuCO_{3} \right.$$

These corrosion products tend to settle in areas where mechanical movement of certain components occurs, such as bearings in fuel pumps and fuel injectors. This would result in accelerated wear on the component surfaces.

3.3. Evaluation of the corrosion of copper and carbon steel in B100 and blends of B100-organic acids with corrosion inhibitors {#sec3.3}
------------------------------------------------------------------------------------------------------------------------------

The corrosion rate of metals exposed to B100 and blends of B100-organic acids may decrease over time if an organic monomolecular film is formed at the metal-liquid interface by cationic/anionic corrosion inhibitors used in the fuel industry, which avoids the direct contact of the metal with biodiesel \[[@bib33]\]. Compounds based on amines including primary amines, diamines, amine-amines, and oxyalkylated amines are effective corrosion inhibitors in fuels \[[@bib34]\]. The mechanism of action of amines is to form an organic monolayer adsorbed between the metal-solution interface at potentially catalytic metal surface reactive sites, which avoids direct contact of the active metal with the liquid fuel and prevents the attack of oxygen and moisture \[[@bib5]\]. In general, these organic compounds are adsorption-type inhibitors (a common type of inhibitors that form a protective layer) by physical or chemical absorption on the metal surface. Such compounds form a stable bond with the surface of the metal when they are adsorbed into it \[[@bib23]\]. The corrosion rate decreases as the surface adsorption is completed.

The effect of the corrosion inhibitors ethylenediamine (EDA) and terbutylamine (TBA) was evaluated on Cu and CS because said the metallic materials showed the greatest corrosion damage in B100 and B100-organic acid blends. The corrosion inhibition efficiency of the amines EDA and TBA was calculated by the following equation \[[@bib35]\]:$$\mathbf{Inhibition}\ \mathbf{efficiency}\ \left( {\mathbf{IE}\%} \right) = \frac{\mathbf{V}_{\mathbf{corr}} - \mathbf{V}_{\mathbf{corr} - \mathbf{inh}}}{\mathbf{V}_{\mathbf{corr}}}\mathbf{x}100$$where ~Vcorr-inh~ and V~corr~ are the corrosion rate values of the metals in the test fuels with and without inhibitor, respectively. The efficiency of the inhibitors was calculated based on the comparison of the corrosion rate values of the metals after 6 months of immersion.

[Figure 13](#fig13){ref-type="fig"} presents the corrosion rate charts of Cu evaluated in fuel blends with organic acids and corrosion inhibitors. The corrosion rate of Cu in B100-EDA decreased by 95.7% and, in B100-TBA, by 98.9% over 6 months of exposure, which shows that TBA is more efficient than EDA at inhibiting Cu corrosion processes in B100.Figure 13Corrosion rate of copper totally immersed in B100-acid-corrosion inhibitor blends after various exposure periods at 45 °C(A) B100 (B) B100-OA (C) B100-LA (D) B100-AA.Figure 13

In the B100-oleic acid blend, Cu exhibits a corrosion rate of 0.0021 mm/year after 3 months, which increases in the same blend with ethylenediamine to 0.015 mm/year and, with tert-butylamine, to 0.005 mm/year. However, after 6 months, the corrosion rate of copper in the B100-oleic acid-ethylenediamine blend decreases by 74.5% and, in B100-oleic-terbutylamine, by 85.8%. In turn, the corrosion rate of Cu in the B100-oleic acid-EDA blend at 6 months of immersion is very similar to that of said metal in the B100-oleic acid blend without the inhibitor. This result indicates that the efficiency of the EDA in this blend is not sufficient to inhibit Cu corrosion. The efficiency of TBA in the B100-oleic acid blend is satisfactory after 6 months of exposure; however, during the first 3 months, this shows that both TBA and EDA accelerate copper corrosion processes.

This fact can be associated with the formation of films on the Cu surface from the corrosion products generated by this material during the first 3 months. The inhibitors of Cu corrosion processes in the B100-linoleic acid blend reached efficiencies of 90.6% (EDA) and 89% (TBA). In the B100-acetic acid blend, Cu presents higher corrosion rate values after 6 months of exposure than after 3 months. In said blend, Cu does not form protective layers during the time of the test. These corrosion rates are greatly reduced by the effect of the inhibitors until the end of the test. The corrosion inhibition efficiency of Cu in the B100-acetic acid-EDA blend was 94.9% and, with the addition of TBA, 88.1%. In general, the efficiency of the corrosion inhibitors EDA and TBA increases after 6 months of immersion in all media, with decreasing corrosion rate values until the end of the test. However, in the case of Cu, the inhibition efficiency of the amines is lower in the blends with acids than in B100. This fact can be attributed to a greater oxidation of the blends by the presence of acids in comparison to pure biodiesel and, therefore, a greater reactivity between the amines and the acids because amines are bases that, when reacting with acids and esters, can form amine salts \[[@bib23]\].

[Figure 14](#fig14){ref-type="fig"} shows the corrosion rate charts of CS in different fuel blends with organic acids and corrosion inhibitors. In B100, EDA and TBA exhibited steel corrosion inhibition efficiencies of 71.8% and 52.4%, respectively. In the B100-oleic acid blend, CS presents a corrosion rate of 0.0433 mm/year after 3 months of immersion, which decreases to 0.0089 mm/year after 6 months. With the addition of EDA and TBA to the B100-oleic acid blend, such corrosion rate values decrease considerably, achieving corrosion inhibition efficiencies of 96.9% and 98.3%, respectively.Figure 14Corrosion rate of carbon steel totally immersed in B100-acid-corrosion inhibitor blends at 45 °C at various periods of exposure (A) B100 (B) B100-OA (C) B100-LA (D) B100-AA.Figure 14

In the case of steel in the B100-linoleic acid blends, EDA showed a corrosion inhibition efficiency of 28% and TBA, 45%. In B100-acetic acid-EDA and B100-acetic acid-TBA, carbon steel exhibits much higher corrosion rate values than in the B100-acetic acid blend without the added inhibitors; this suggests that the acetic acid reacts with EDA and with TBA to increase the corrosion processes in this material. The amines EDA and TBA are bases that, when reacting with acidic compounds present in biodiesel (in our case, with acetic acid), can generate neutralization reactions that produce salts and water, which leads to an increase in the corrosively of the medium \[[@bib23]\]. The salts produced by this type of reaction seem to have a greater effect on the corrosion deterioration of steel than that of copper. In general, regarding CS, TBA showed higher efficacy in blends with long chain organic acids (oleic and linoleic acids). In general terms, the inhibitors they evaluated achieved less inhibition in steel than in copper.

[Figure 15](#fig15){ref-type="fig"}A shows the morphology of the corrosion products formed on the surface of Cu immersed in the B100-acetic acid blend, where it presented greater corrosion deterioration. In turn, [Figure 15](#fig15){ref-type="fig"} B presents the morphology of the layer formed on the Cu surface when exposed to B100-acetic-EDA and B100-acetic-TBA, respectively.Figure 15(A) Surface morphology of copper immersed in B100-acetic acid at 45 °C, with generalized corrosion. (a) EDS of corrosion products formed on the copper surface (B) morphology of the protective layer formed on the surface of copper immersed in B100-acetic acid-EDA. (b) EDS of the protective layer formed on copper by the addition of EDA (C) Morphology of the protective layer formed on the copper surface immersed in B100-acetic acid-TBA. (c) EDS of the protective layer formed in the copper by the addition of TBA.Figure 15

The corrosion products of Cu exposed to the B100-acetic acid blend and those of the layer formed in this material upon contact with the corrosion inhibitors EDA and TBA, individually added to B100-acetic acid, were analyzed by EDS in order to investigate the composition and quantity of the elements present in the sample.

Such analysis indicated the presence of oxygen and carbon. The presence of oxygen is associated with the water content of acetic acid (C~2~H~4~O~2~) and other possible chemical species (such as alcohols and fatty acids) formed in biodiesel because of oxidation processes. The amount of carbon was found to be higher on the surface of Cu specimens exposed to the corrosion inhibitors EDA (C~2~H~8~N~2~) and TBA (C~4~H~11~N), which corroborates the presence of a protective layer formed by the effect of the amines.

[Figure 16](#fig16){ref-type="fig"} is the Raman spectra of the Cu samples exposed to B100-AA, B100-AA-EDA, and B100-AA-TBA. In the spectrum of copper in B100-AA, bands are observed at 213 cm^−1^, 495 cm^−1^, and 608 cm^−1^; all of them are associated with cuprite (Cu~2~O) \[[@bib36]\]. The band at 405 cm^−1^ is attributed to the presence of tenorite (CuO) \[[@bib37]\]. It appears that cuprite and tenorite are not protective oxides when copper is exposed to the B100-AA blend, since its corrosion rate increased by 41% after 12 months of total immersion in the blend.Figure 16Raman spectra of copper totally immersed in the test fuels at 45 °C for 6 months (A) B100-AA (B) B100-AA-EDA, and (C) B100-AA-TBA.Figure 16

When Cu was exposed to B100-AA-EDA, cuprite and tenorite oxides were formed, in addition to Cu carbonates such as malachite at 100 cm^−1^ \[[@bib38]\] and azurite at 150 cm^−1^, which have a protective effect on copper, reducing its corrosion rate by 94.9%. With the addition of TBA, we observed the presence of cuprite at 600 cm^−1^, azurite at 839 cm^−1^, and malachite at 219 cm^−1^ \[[@bib39]\]. A strong band at 1600 cm^−1^ is attributed to the stretching of the amine group (NH~2~) of the TBA, a result that is associated with the presence of a protective monolayer on the surface of the metal, since its corrosion rate was reduced by 81% at 6 months of immersion. The corrosion rate of Cu in B100 decreases by 42% after 12 months of immersion, which is associated with the protective effect of the copper carbonates formed on its surface when interacting with the RCOO- radicals and the reactions between CuO and the CO~2~ absorbed by biodiesel. When the spectra of the Cu exposed to B100 and to the blends B100-AA-EDA and B100-AA-TBA are compared, it can be observed that, in all the blends, azurite and malachite copper carbonates were formed in addition to cuprite and tenorite oxides. In B100, B100-AA-EDA, and B100-AA-TBA, a significant reduction of Cu corrosion rates was observed. In B100-AA, copper presented an increase in its corrosion rate until the 12th month of immersion; and the presence of cuprite and tenorite was observed only at the end of the exposure, a result attributed to the low stability of such oxides in said blend. Therefore, the formation of azurite and malachite carbonates is associated with a defensive layer that protects copper over time, a protection that increases with the presence of EDA and TBA as a monolayer adsorbed on the surface of the metal.

4. Conclusions {#sec4}
==============

The highest values of corrosion rates were found in Cu (B100-acetic acid blend) and CS (B100-oleic acid blend) totally immersed. The most corrosive blends for the materials were: B100-linoleic acid, B100-oleic acid, and B100 acetic acid. CS and Cu were the most affected by the immersion in blends. TBA was more effective in inhibiting copper corrosion in B100; in turn, EDA was more effective in the blends B100-oleic acid, B100-linoleic, and B100-acetic acid. In the case of carbon steel in B100, EDA was more effective; and, in B100-linoleic acid and B100-oleic acid, TBA was more effective. Neither inhibitor was effective in the B100-acetic acid blend. Lepidocrocite, magnetite, ferrihydrite, and siderite were the corrosion products found on the surface of CS immersed in the fuels. Such products formed a protective layer that grows and becomes more compact along with immersion time. Tenorite, cuprite, malachite, and azurite were found in Cu immersed in the fuels.
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